The impact of aging on the cytokine response of human skeletal muscle to exercise-induced injury remains poorly understood. We enrolled physically active, young (23-35 years old, n=15) and old (66-78 years old, n=15) men to perform 45 min of downhill running (16% descent) at 75% VO 2max . Biopsies of vastus lateralis were obtained 24 h before and 72 h after acute eccentric exercise. Transcripts for inflammatory (TNF-α, IL-1β) and anti-inflammatory cytokines (IL-6, TGF-β 1 ) were quantified by real-time PCR. Before exercise, cytokine transcripts did not differ with age. At old age, exercise induced a blunted accumulation of transcripts encoding the panleukocyte surface marker CD18 (young: 10.1-fold increase, P<0.005; old: 4.7-fold increase, P=0.02; young vs. old: P<0.05). In both age groups, CD18 transcript accumulation strongly correlated with r=0.87, P<0.001; old, r=0.72, P=0.002) and TGF-β 1 transcript accumulation (young, r=0.80, P<0.001; old, r=0.64, P=0.008). At old age, there was no correlation between IL-1β and CD18 transcript accumulation. Furthermore, exercise induced IL-6 transcript accumulation in young (3.6-fold, P=0.057) but not in old men. Our results suggest that aging impairs the adaptive response of human skeletal muscle to eccentric exercise by differential modulation of a discrete set of inflammatory and anti-inflammatory cytokine genes.
monocytes become the main component of the cellular infiltrate in the injured muscle (4, 5) . Neutrophil accumulation correlates with muscle production of IL-1β (3, 6) , a cytokine that inhibits protein synthesis in skeletal muscle (7) . Furthermore, neutrophil activation correlates with circulating levels of creatine kinase (CK) (2) , a marker of increased muscle cell permeability that reflects the muscle metabolic adaptation to acute exercise. Hence, the commonly accepted scenario: acute exercise-induced muscle fiber damage results in the recruitment and activation of phagocytes that contribute to the local production of cytokines. In the elderly, the increases in circulating neutrophil counts and CK levels are blunted (2) . Furthermore, IL-1β mRNA levels are comparable in young and old skeletal muscles at rest, but acute exercise increases IL-1β gene expression in young muscles only (8) . These initial observations suggested that aging reduces the adaptive response of skeletal muscles to exercise by altering the production of cytokines that contribute to the recruitment of leukocytes to the injured muscle and/or the remodeling of the muscle tissue itself.
In the present study, we tested the hypothesis that aging impairs cytokine gene expression at rest and in response to a bout of acute exercise. We focused on a set of pro-and anti-inflammatory cytokines thought to regulate muscle mass. The inflammatory cytokine TNF-α inhibits myogenic differentiation (9) (10) (11) . In differentiated muscle cells, TNF-α promotes protein catabolism alone (10) or in synergy with IFNγ (9) . This catabolic activity is associated with increased ubiquitin gene expression (12) and protein ubiquitination in skeletal muscle tissue (13) . In addition, TNF-α reduces skeletal muscle protein synthesis by decreasing translation initiation (14) . The activity of IL-1β, an activator of NF-kB as potent as TNF-α, seems restricted to the inhibition of myogenic differentiation (11, 12) and the reduction in protein synthesis (7) . In addition to TNF-α and IL-1β, we assessed two cytokines that display pro-and anti-inflammatory activities and regulate muscle mass negatively. Transforming growth factor (TGF)-β 1 inhibits differentiation of myoblasts into myotubes (15) whereas IL-6 increases muscle protein breakdown (16) by reducing circulating levels of insulin growth factor (IGF)-I (17) while inducing myoblast proliferation and differentiation (18, 19) . In the present study, cytokine mRNA levels were measured in vastus lateralis biopsies obtained before and after a bout of downhill running by young and elderly men. Muscle biopsies were obtained from subjects recruited to a larger study assessing the effects of age and vitamin E on acute exercise-induced oxidative stress (20) .
MATERIALS AND METHODS

Subjects
Physically active young (23-35 years old, n=16) and elderly (66-78 years old, n=16) men were enrolled in a study assessing the effects of vitamin E supplementation and age on systemic and muscle responses to oxidative stress (20) . In the present report, we measured cytokine transcript levels in muscle biopsies taken during the baseline visit, that is, before vitamin E supplementation. Because muscle biopsies were not available from two subjects (one young, one old), our report is based on 15 young and 15 old subjects. To be enrolled, volunteers had to be moderately physically active, but did not participate in aerobic or weight training more than one hour per day, three times per week. Volunteers passed a physical examination and completed a maximal exercise test on a treadmill to ascertain maximal oxygen carrying capacity (VO 2max ; see below). We excluded any individual with coronary heart disease or angina; congestive heart failure; diabetes; cancer other than nonmelanoma skin cancer; thyroid problems; arthritis or other autoimmune conditions; severe anemia; liver or kidney disease; poorly accessible veins; or current use of addictive drugs, tobacco, or steroid hormone medications.
Determination of VO 2max
Subjects were asked to run at a self-determined comfortable pace on a treadmill (High Speed 2-16 mph Treadmill, Warren E. Collins, Inc., Braintree, MA) with 0% incline. The incline was increased by 3% every 2 min until two of the following criteria were achieved: 1) oxygen consumption reached a plateau; 2) respiratory exchange rate was >1.1; 3) heart rate was within five beats per minute (bpm) of the age-predicted maximum (220 bpm-age). Oxygen consumption and carbon dioxide expiration were assessed by indirect calorimetry (V6200 Autobox, SensorMedics Corporation, Yorba Linda, CA). Each subject was monitored for heart function using an electrocardiogram and for blood pressure. None of the subjects reached volitional fatigue before determination of VO 2max .
Experimental design
The study protocol was approved by the Tufts-New England Medical Center Human Investigation Review Committee. The protocol was fully explained to each subject, and written informed consent was obtained. Data were collected during inpatient stay at the Metabolic Research Unit of the Jean Mayer USDA Human Nutrition Research Center on Aging, Tufts University.
The experimental design is depicted in Figure 1 . The study protocol consisted of pre-exercise, exercise, and recovery periods. Blood was drawn from the antecubital vein just before exercise and immediately, 24 h, and 72 h after cessation of exercise. Subjects were asked to fast for 12 h before the pre-exercise, 24 h, and 72 h blood draws. Blood lactate was measured in pre-exercise and immediate postexercise samples. Serum C-reactive protein (CRP) and CK were measured in pre-exercise, 24 h, and 72 h postexercise samples. To monitor 3-methylhistidine (3-MH) excretion in the urine, we had subjects eat a self-selected meat-free diet starting 3 days before the study visit and for the entire duration of their stay at the Metabolic Research Unit. Urine was collected for 24 h before exercise, and for an additional 24 h period before the 72 h postexercise blood draw (Fig. 1) . Subjects abstained from consuming caffeine for 12 h before each blood draw. Body composition was determined 24 h after cessation of exercise.
Muscle biopsies were obtained 24 h before and 72 h after exercise. Biopsies were obtained from the superficial portion of the vastus lateralis of the nondominant leg (at the lower third portion of the thigh) using the percutaneous needle biopsy procedure described by Bergstrom (21) . Special care was taken to extract the postexercise biopsy at least 10 mm from the pre-exercise biopsy site. Biopsies were snap-frozen in isopentane cooled to the temperature of liquid nitrogen, and stored at -80°C.
Acute eccentric exercise
Subjects ran downhill (16% decline) on the treadmill for three 15-min intervals at a speed set to reach 75% of each subject's VO 2max (20) . Each 15-min interval was separated by a 5-min rest period. Initially, subjects were brought to 75% of their VO 2max on the treadmill set at 0% incline, using indirect calorimetry to confirm the oxygen consumption. Once 75% VO 2max was reached, the calorimeter was disconnected and the treadmill was adjusted to achieve the 16% decline. Heart rate was monitored throughout the exercise (Polar Heart Rate Telemetry Unit, Polar CIC Inc., Port Washington, NY) and recorded at 5-min intervals.
Blood analysis
Serum CRP was measured by latex particle-enhanced immunoturbidimetry using the highsensitivity protocol of the kit CRP Ultra (Equal Diagnostics, Inc., Exton, PA). The lower detection limit of the CRP assay was 0.05 mg/l. Serum CK was measured by the catalytic transfer of a phosphate group from creatine phosphate to ADP, thereby forming ATP (Roche Diagnostic Systems, Nutley, NJ). A unit of CK activity was defined as the amount of enzyme that converts 1 µmol of creatine phosphate to creatine per minute per liter of sample. The lower detection limit of the CK assay was 0.0001 U/l. Serum CK levels were normalized to the amount (expressed in grams) of creatinine excreted in the urine during the 24 h period before the preexercise biopsy (see below).
Urine analysis
Creatinine was analyzed using the COBAS FARA II automated centrifugal analyzer and reagent kit (Roche Diagnostic Systems). Creatinine was reacted with picric acid, and the rate of red complex formation was measured at 520 nm. Urinary 3-MH was isolated by reverse-phase HPLC and detected by fluorescence. Urinary 3-MH excretion (expressed in µM) was normalized to the amount (expressed in grams) of creatinine excreted in the urine during the same time period.
Total RNA isolation and reverse transcription
A fraction (20-30 mg) of muscle tissue was homogenized in guanidine thiocyanate-phenol solution (TRI-Reagent, Molecular Research Center, Inc., Cincinnati, OH) using a polytron homogenizer (Tissue Tearor, BioSpec Products, Inc., Bartlesville, OK). Total RNA was extracted, subjected to DNase digestion (RNeasy kit, Qiagen, Inc., Chatsworth, CA), eluted in diethylpyrocarbonate-treated water, and quantified by spectrophotometry at 260 nm. Total RNA (0.44 µg) was reverse-transcribed using a cloned murine leukemia virus reverse transcriptase and random hexamers in a 20-µl reaction (Applied Biosystems, Foster City, CA).
Primers and TaqMan probes for real-time PCR
Predeveloped primers and fluorochrome (FAM)-labeled probes for human TNF-α, IL-1β, IL-6, and TGF-β 1 cDNAs were purchased from Applied Biosystems. In the case of human CD18 (NCBI Accession# XM_0361071), the forward primer (5′-gaa acc cag gaa gac cac aat g-3′), the reverse primer (5′-gcc gga agg tca cgt tga-3′), and the probe (FAM-5′-cga cca ggc cag gca-3′) were designed using the software Primer Express version 1.5 (Applied Biosystems). All probes were tagged at their 3′-end with the quencher NFQ and the Minor Groove Binder (MGB). The efficiency of amplification using the primers and probe specific for human CD18 was tested in serial dilution experiments. C T (cycle number at threshold) values were plotted against log cDNA input. The slope of amplification was -3.37, that is, no farther than 0.2 from the ideal slope, -3.32, as recommended by Applied Biosystems. To normalize target cDNA values, 18S cDNA levels were quantified using a probe 5′ end-labeled with the fluorochrome VIC (Applied Biosystems).
Quantification of cytokine cDNA levels
First-strand cDNAs were amplified in a 40-µl reaction containing 20 µl TaqMan 2× Universal PCR Master Mix, target cDNA specific primers (900 nM each) and probe (200 nM), and 1 µl undiluted first-strand cDNA sample. For detection of 18S, primers and probe were used at limiting concentrations (2 µl Pre-Developed Assay Reagents per 40 µl reaction). Given the abundance of 18S rRNA, first-strand cDNA samples were diluted 1/400 so that C T values obtained with 1 µl of diluted samples were 15 or above. Reactions were first denatured at 95°C for 10 min to activate the AmpliTaq Gold Polymerase, and subjected to 45 cycles of 95°C for 15 s (denaturation) and 60°C for 1 min (annealing). Fluorescence was measured in an ABI PRISM 7700 Sequence Detector. The thresholds for determination of C T values were set at 0.04 for 18S, 0.05 for TNF-α, 0.06 for CD18 and TGF-β 1 , 0.13 for IL-6, and 0.20 for IL-1β. Target cDNAs were normalized to 18S cDNA levels using the equation 2 -∆CT . ∆C T was obtained by substracting the 18S C T value from the target C T value. Comparison of C T values indicated that the acute exercise bout did not alter 18S rRNA levels in young and old subjects. However, 18S rRNA levels were lower (-39.75%) in old subjects (16.48±0.57 arbitrary units) compared with those in young subjects (27.35±0.86 arbitrary units). Using the Human Endogenous Control Plate (Applied Biosystems), we were unable to identify a gene (from the 11 candidates tested) for which transcript levels in our skeletal muscle biopsies did not vary with age and within an age group. To correct for the age-associated decrease (-39.75%) in 18S rRNA levels, we subtracted 0.7171 (i.e., the difference in mean C T values between young and old groups) from the C T values measured in old subjects.
Statistical analysis
Results are expressed as mean ± SE. Serum CRP and CK levels, urine 3-MH levels, muscle cytokine and CD18 mRNA levels were subjected to statistical analysis using unpaired Student's t tests or ANOVA, as appropriate. When ANOVA yielded significant F values (P<0.05), post hoc analyses were performed using Fisher's PLSD test. Pearson's product-moment correlations were used to test associations among changes in cytokine mRNA levels or between changes in cytokine mRNA levels and in serum CRP or CK levels. The above analyses were performed using StatView version 5.0 (SAS, Inc., Cary, NC). Age-associated differences in correlations among cytokine and CD18 transcript levels were determined using the Larntz and Perlman test after Fisher's z transformation (22) .
RESULTS
Physiological parameters of study subjects in response to acute exercise
Subject characteristics at baseline have been reported elsewhere (20) . We now report ( Table 1) the characteristics of the 15 young and 15 old subjects analyzed for cytokine transcript levels in vastus lateralis muscles. Note that elderly subjects had higher body mass index (+2.3 kg/m 2 , P<0.01) and lower lean body mass (-9.2 kg, P<0.001) than did young subjects. As previously reported (20) , serum CK levels increased 24 h after acute exercise in young (3.5-fold, P<0.05) and old men (1.9-fold, P<0.01). Seventy-two hours after the acute exercise bout, serum CK levels did not differ from pre-exercise levels (Table 1) .
For the present report, we measured serum CRP levels and urinary 3-MH levels. Before acute exercise, serum CRP levels were 3.1 times higher in old subjects compared with those in young subjects (P<0.001; Table 1 ). The increase in serum CRP levels in response to exercise was highly variable. In young subjects, there was a 3.0-fold increase 24 h postexercise, but this increase did not reach statistical significance (P=0.11). In old subjects, the increase in serum CRP levels 24 h postexercise was more modest (2.0-fold), but significant (P<0.05). In both age groups, serum CRP levels measured 72 h postexercise did not differ from pre-exercise levels. Similarly, 3-MH levels in urine collected between 48 and 72 h postexercise did not differ from pre-exercise levels in either age group ( Table 1 ). Note that urinary 3-MH levels at baseline were lower in old subjects (-25%, P<0.05) compared with those in young subjects.
CD18 transcript levels in vastus lateralis from young and old subjects
The extent of leukocyte infiltration was monitored by quantifying mRNA levels for the integrin CD18, a pan-leukocyte surface marker (23) . We chose CD18 because inflammatory mediators increase CD18 surface expression via mobilization of preformed intracellular stores, i.e., independently of transcription and protein synthesis (24, 25) . At baseline, CD18 mRNA levels did not differ between young and old subjects (Fig. 2) . Seventy-two hours after eccentric exercise, CD18 mRNA levels increased 10.1-fold (P=0.005) in young subjects but only 4.7-fold (P=0.02) in old subjects. The mean fold increase was greater (P<0.05) in young than in old subjects.
Cytokine transcript levels in vastus lateralis from young and old subjects
Before exercise, there was no age-related difference in the levels of transcripts encoding TNF-α, IL-1β, IL-6, and TGF-β 1 (Fig. 3) . Seventy-two hours after eccentric exercise, TNF-α mRNA levels increased 2.8-and 1.8-fold (both P<0.01) in young and old subjects, respectively (Fig.  3A) . IL-1β mRNA levels increased marginally (1.7-fold, P=0.063) in young subjects and to a greater extent (2.8-fold, P<0.01) in old subjects (Fig. 3B) . Acute eccentric exercise failed to increase IL-6 mRNA levels in old subjects (1.3-fold, P = 0.44). In contrast, IL-6 mRNA levels increased 3.6-fold in young subjects following acute eccentric exercise (Fig. 3C ). This increase nearly reached significance (P=0.057). TGF-β 1 mRNA levels increased 3.7-and 2.0-fold in young (P=0.03) and old subjects (P<0.01), respectively (Fig. 3D) .
Age-associated differences in relationships among cytokine and CD18 mRNA levels Changes in cytokine and CD18 transcript levels were expressed as the difference between postand pre-exercise values divided by the pre-exercise value. Correlations between these changes were analyzed for age-associated differences using the Larntz and Perlman test. There was an age-related difference in correlations among CD18, TNF-α, IL-1β, IL-6, and TGF-β 1 .
Individual correlations among cytokines and CD18 were analyzed in young and old subjects ( Table 2) . In young subjects, changes in CD18, TNF-α, IL-1β, IL-6, and TGF-β 1 mRNA levels correlated positively with each other (all but one P<0.001). In the elderly, positive correlations were noted only between changes in mRNA levels for CD18 and TNF-α (P<0.01) or TGF-β 1 (P<0.01), and between changes in TNF-α and TGF-β 1 mRNA levels (P=0.01). In the elderly, changes in CD18, TNF-α, or TGF-β 1 mRNA levels did not correlate with changes in either IL-1β or IL-6 mRNA levels.
Relationships between muscle cytokine or CD18 mRNA levels and serum markers of inflammation/muscle damage at young and old age Changes in cytokine and CD18 transcript levels were tested for correlation with changes in serum levels of CRP (marker of inflammation) and CK (muscle damage) measured 24 and 72 h after the acute bout of exercise. In young and old subjects, there was no significant correlation between the increases in serum CRP or CK levels and the changes in muscle transcript levels for CD18, TNF-α, IL-1β, IL-6, and TGF-β 1 .
Because baseline (pre-exercise) CRP levels are threefold higher in the elderly than in young subjects, we tested the hypothesis that high CRP levels may skew the inflammatory response of muscle to acute eccentric exercise. In both age groups, there was no significant correlation between serum CRP levels at baseline and exercise-induced changes in muscle transcript levels for CD18, TNF-α, IL-1β, IL-6, and TGF-β 1 .
DISCUSSION
There are only a few studies in humans that have documented the effect of age on the adaptive cytokine response of skeletal muscle tissue to exercise. In some of these studies (26) (27) (28) , resistance training was used to correct abnormal cytokine mRNA or protein levels in aged muscles. Because of the nature of progressive resistance training, these studies did not address the issue of adaptive cytokine response to acute mechanical stress. Although other studies (8, 29) used acute exercise as a means of inducing skeletal muscle injury, these microarray-based studies may have missed subtle changes in cytokine gene expression. In the present study, we have relied on real-time PCR to monitor changes in muscle cytokine mRNA levels elicited by an acute bout of exercise in young and elderly men. Muscle biopsies were obtained from subjects recruited to a study assessing the effects of vitamin E supplementation and age on physiological changes induced by acute eccentric exercise (20) . We now report that old age is associated with changes in expression of a discrete set of pro-and anti-inflammatory cytokine genes in response to acute eccentric exercise.
Aging is associated with a slower rate of myofibrillar protein synthesis in human vastus lateralis (30) . If vastus lateralis were to reflect skeletal muscles throughout the body, one would expect aging to decrease the urinary excretion rate of 3-MH, a post-translationally modified, non recyclable amino acid found in contractile proteins. To the contrary, Welle et al. (30) observed a similar rate of urinary 3-MH excretion in young (22-31 years old) and elderly (62-72 years old) subjects, but the lean body mass was similar in their two cohorts. Studying a slightly older cohort of elderly men (66-78 years old) with a reduced lean body mass, we now report a lower rate of urinary 3-MH excretion in our elderly subjects when compared with young men. Although the rate of urinary 3-MH excretion is relative to creatinine, a marker of muscle mass, our finding indicates that a lower rate of 3-MH excretion may be seen only when the muscle mass has shrunk significantly. This age-associated reduction in myofibrillar protein turnover was accompanied by systemic inflammation (as demonstrated by higher circulating levels of CRP) in the absence of local inflammation, as revealed by the lack of age-related accumulation of transcripts for CD18, TNF-α, IL-1β, IL-6, and TGF-β 1 in skeletal muscle biopsies from resting subjects.
Eccentric muscle contractions induce muscle damage that ultimately results in systemic acute phase response and infiltration of leukocytes in the damaged tissue (3) (4) (5) . We chose an eccentric exercise protocol of moderate intensity so that, in young and old men, serum CK and CRP levels were elevated 24 h after exercise but receded to pre-exercise levels at 72 h. Cytokine transcript levels were monitored at 72 h, that is, when infiltrated leukocytes persist in muscle tissue (as assessed by CD18 transcript levels) while avoiding the early phase of muscle damage (normal serum CK levels) and acute systemic inflammation (normal serum CRP levels). Extensive Z band and myofibril damage has been noted in vastus lateralis from elderly subjects at rest (26) . Because such muscle damage is rare in young subjects (3), standardization of exercise-induced muscle damage in respect to age would have been ill-fated. As our old men had a lower lean body mass, serum CK levels were expressed per gram of urinary creatinine in order to estimate the extent of muscle damage per unit of muscle mass. In accordance with those earlier electron microscopy studies (3, 26) , there was a trend toward higher serum CK levels in old men at rest. In both young and old men, serum CK levels rose at 24 h. At this time point, there was no agerelated difference in serum CK levels. However, there was a trend toward a greater rise in young (3.5-fold) than in old (1.9-fold) men. Paradoxically, blood lactate levels rose to a greater extent in the elderly (20) . We conclude that our elderly men may have experienced slightly attenuated eccentric exercise-induced muscle damage (as reflected by serum CK), despite a greater "metabolic" workload (as measured by blood lactate) and a similar cardiovascular effort (as assessed by VO 2max ).
Whereas it is well-established that cytokine transcripts and proteins accumulate in human skeletal muscle following acute eccentric exercise (3, 4, 6) or prolonged strenuous exercise (31), scarce is the evidence that aging impairs the muscle-derived cytokine response to exercise (8) . In the present study, aging altered the relationships among variables associated with inflammation, that is, CD18, TNF-α, IL-1β, IL-6, and TGF-β 1 . A striking feature was the markedly reduced accumulation of CD18 transcripts induced by exercise in old men. Likewise, there was a trend toward a blunted accumulation of TNF-α and TGF-β 1 transcripts in the exercised muscle of old men. In young and old men, the accumulation of CD18 transcripts strongly correlated with the accumulation of TNF-α and TGF-β 1 transcripts. These data indicate that leukocyte recruitment to the exercised muscle is reduced at old age but remains strongly associated with TNF-α and TGF-β 1 gene expression in both young and old muscles. This age-associated decrease in leukocyte recruitment is not due to a reduced pool of circulating leukocytes. In fact, circulating neutrophil counts at baseline were marginally (P=0.055) higher in the elderly whereas circulating monocyte counts did not differ between age groups (unpublished data). Since myoblasts and myofibers remain a minor source of TNF-α (4) and TGF-β 1 (32), we propose that resident macrophages and infiltrated leukocytes are the main source of these cytokines (33) . TGF-β 1 is a potent chemotactic factor for neutrophils (34) and monocytes (35) . The chemotactic activity of TGF-β 1 has been confirmed in vivo at sites of inflammation (36) . Thus, local production of TGF-β 1 may amplify and sustain cellular recruitment to sites of exercise-induced muscle damage. The ability of TGF-β 1 to induce TNF-α synthesis in monocytes (37) may explain the strong correlation between these two cytokines. Whether TGF-β 1 antagonizes the catabolic activity of TNF-α on skeletal muscle, as it does inhibit other activities of TNF-α on leukocytes (38) , is unknown. On the other hand, the biological significance of a reduced TGF-β 1 synthesis in old muscle remains uncertain since, in addition to its complex pro-and anti-inflammatory properties, TGF-β 1 is an inhibitor of myogenic differentiation (15) .
IL-1β and TNF-α are pro-inflammatory cytokines that are produced in a coordinated fashion and act in a synergistic manner (39) . As mentioned above, we observed a strong correlation between the increases in TNF-α and CD18 transcripts in either young or old men. In contrast, the increases in IL-1β and CD18 transcripts correlated weakly at young age and did not correlate at old age. In fact, TNF-α transcripts tended to accumulate to a lesser extent at old age wheras IL-1β transcripts tended to accumulate to a greater extent. The lack of association between IL-1β and CD18 transcripts at old age suggests that the IL-1β gene is not exclusively expressed in leukocytes. Indeed, IL-1β protein has been localized to muscle and nonmuscle cells in skeletal muscle tissue harvested from young men after eccentric exercise (4) . By reducing the recruitment of leukocytes to the exercised muscle, aging should favor the contribution of muscle cells to total IL-1β gene expression. This may be the case since the reduced cellularity is not compensated by a greater IL-1β synthesis in old mononuclear cells (40) . Because IL-1β transcripts tended to be higher in exercised muscle tissues at old age, our results suggest that regulation of IL-1β gene expression in muscle cells differs with age. A recent report by Jozsi et al. (8) lends support to this hypothesis. These authors observed that acute resistance exercise failed to induce an accumulation of IL-1β transcripts in vastus lateralis of elderly subjects, but did so in young subjects. However, their acute resistance exercise protocol combined eccentric and concentric contractions that are lower intensity than the eccentric concentrations performed in our protocol. Moreover, IL-1β transcripts were detected in muscles of the elderly subjects when enrolled in the resistance exercise protocol for three months. Taken together, Jozsi's and our results indicate that the propensity of skeletal muscle tissues from the elderly not to express the IL-1β gene may be overcome by increasing the intensity or the frequency of muscle contractions. Since the repetition of low-intensity exercise induces IL-1β transcript accumulation in old muscle, muscle contraction rather than muscle damage may be sufficient to induce IL-1β gene expression, hence a case for muscle cells as an important source of IL-1β in skeletal muscles of the elderly.
Following eccentric exercise, circulating IL-6 levels rise to a lesser extent in the elderly (41) . Although skeletal muscles are now recognized as the major source of circulating IL-6 after exercise (42) , the impact of aging on IL-6 gene expression in skeletal muscle has not been explored. In young subjects, we observed a 3.6-fold increase in IL-6 transcripts 72 h after cessation of eccentric exercise. The increase in IL-6 transcripts correlated strongly with the increase in CD18 transcripts but failed to correlate with the increase in serum CK measured 24 h postexercise. These results corroborate previous observations (42) that IL-6 gene expression following eccentric exercise is not induced by muscle damage but is rather associated with leukocyte activation during muscle repair/regeneration at young age. At old age, eccentric exercise did not induce an accumulation of IL-6 transcripts, despite a robust (4.8-fold) increase in CD18 transcripts. The inability of eccentric exercise to induce IL-6 gene expression was not due to a lower "metabolic workload" in the elderly since blood lactate levels rose to a greater extent in the elderly (20) . Unlike moderate endurance exercise (43) or prolonged strenuous running (44), our acute eccentric exercise protocol increased the constitutive IL-6 synthesis in mononuclear cells from young and old subjects (JMS, unpublished observations). Since IL-6 synthesis in blood mononuclear cells also increases with aging (40), our findings suggest that exercised skeletal muscle in the elderly produces inhibitors of IL-6 gene expression by the newly recruited mononuclear cells. Because exercise would be a requirement for the production of inhibitors, leukocytes residing in elderly muscles would retain the ability to produce IL-6, hence the strong positive correlation between CD18 and IL-6 transcripts in both young (r=0.59, P=0.02) and old (r=0.54, P=0.04) muscles before exercise. An alternative (or possibly complementary) hypothesis is that the newly recruited leukocytes not only produce IL-6, but also induce IL-6 gene expression in myofibers (4) and/or myoblasts (32) . If so, aging may render exercised muscles either unable to synthesize IL-6 or able to produce inhibitors that act in an autocrine fashion to suppress the leukocyte-mediated induction of IL-6 synthesis.
Our study establishes that human skeletal muscle senescence disrupts the coordinated expression of inflammatory and anti-inflammatory cytokines that otherwise follows an acute bout of eccentric exercise. With aging, the reduction in the pan-leukocyte integrin CD18 is closely associated with a reduction in TNF-α and TGF-β 1 , suggesting that TGF-β 1 is a major factor in the recruitment of leukocytes to injured muscles and that these leukocytes are a major source of TNF-α in injured muscles. In contrast to this triad, the age-associated increase in IL-1β points to muscle cells themselves as an alternative source of cytokines with aging, and may represent an attempt of muscle cells to compensate for the reduction in TNF-α and IL-1β of leukocyte origin. The lack of IL-6 in exercised muscles of the elderly further speaks to the dissociation between leukocyte infiltration and cytokine production in these elderly men. Because muscle-derived IL-6 is released in the circulation and promotes liver glycogenolysis (42) , the lack of muscle-derived IL-6 may affect the maintenance of glucose homeostasis during exercise of the elderly. Overall, our findings suggest that senescence of human skeletal muscle may impair its adaptive response to acute eccentric exercise by preventing a coordinated cytokine gene expression necessary for adequate muscle contractile function and adequate remodeling of injured skeletal muscle. a There was an overall age-associated difference in correlations among cytokine and CD18 transcript levels (P<0.05; Lantz & Perlman test). Shaded boxes indicate significant individual correlations within an age group (young, above diagonal; old, below diagonal). For a given correlation, the first variable is reported in the left column, the second variable in the top row (and vice versa). The number of shaded boxes is higher in young subjects, indicating a loss of coordinated cytokine response with aging. Figure 1 ). Biopsies were obtained from vastus lateralis 24 h before (pre) and 72 h after (post) the acute bout of eccentric exercise. Total RNA was extracted and reverse-transcribed. CD18 cDNA levels were quantified by real-time PCR and normalized to 18S cDNA levels. Data are expressed as mean ± SE. *P < 0.05 vs. pre-exercise; **P < 0.01 vs. pre-exercise; # P < 0.05 for fold increase, young vs. old. Figure 1 ). Biopsies were obtained from vastus lateralis 24 h before (pre) and 72 h after (post) eccentric exercise. Total RNA was extracted and reverse-transcribed. TNF-α (A), IL-1β (B), IL-6 (C), and TGF-β 1 (D) cDNA levels were quantified by real-time PCR and normalized to 18S cDNA levels. Data are expressed as mean ± SE.
